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The high-voltage field-emission driven nanosecond discharge in pressurized hydrogen is studied
using the one-dimensional Particle-in-Cell Monte Carlo collision model. It is obtained that the
main part of the field-emitted electrons becomes runaway in the thin cathode sheath. These run-
away electrons propagate the entire cathode-anode gap, creating rather dense (~10'?cm ) seeding
plasma electrons. In addition, these electrons initiate a streamer propagating through this back-
ground plasma with a speed ~30% of the speed of light. Such a high streamer speed allows the
self-acceleration mechanism of runaway electrons present between the streamer head and the anode
to be realized. As a consequence, the energy of runaway electrons exceeds the cathode-anode gap
voltage. In addition, the influence of the field emission switching-off time is analyzed. It is obtained

that this time significantly influences the discharge dynamics. Published by AIP Publishing.
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I. INTRODUCTION

The research of high-voltage (HV) nanosecond (ns)
pulse discharges in pressurized gases has attracted consider-
able attention since the 1960s'™ because of the interesting
phenomena involved and their important applications, such
as plasma assisted ignition and combustion, pulsed gaseous
lasers, and the generation of electron beams and x-rays.*

Depending on the voltage applied, different physical
phenomena are involved and govern this type of pulse dis-
charge."™ At very high voltages (>100kV), the electric field
at the cathode surface, having micro-protrusions, reaches
~10° V/m, which is sufficient for intense electron field emis-
sion (FE). Numerous experimental and numerical modeling
studies’ ' have shown that at such an extremely high elec-
tric field, one can obtain runaway electrons (RAEs), i.e.,
electrons that acquire more energy during their acceleration
by an electric field along a mean free path than they lose in
inelastic collisions with neutrals or ions. RAEs propagate the
entire cathode-anode (CA) gap, experiencing only a few col-
lisions and generating a seeding (secondary) electron back-
ground. This seed allows the bridging of the CA gap by
dense plasma on the sub-ns timescale, which is impossible
without RAEs.

In order to obtain RAE generation, one needs to apply
an electric field exceeding the threshold value E,., which
depends on the background gas type and its pressure.“‘ At
normal atmospheric pressure, for many gases, this electric
field varies in the range of 1-5 x 107 V/m. Thus, in the case
where the electric field at the cathode surface is ~10° V/m,
the main part of FE electrons becomes RAEs, obtaining
energy >10keV in the vicinity of the cathode.'” However,
depending on the anode and cathode electrode geometry, CA
gap, and the pressure and type of the gas, these electrons do
not necessarily continue to be RAEs during their propagation
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toward the anode. Only if the electric field is >E,, do high-
energy electrons continue to accelerate, i.e., remain RAEs.
However, if the electric field in the CA gap is significantly
smaller than E,,, a significant part of these high-energy elec-
trons’ energy can be dissipated during their propagation
toward the anode through elastic and inelastic collisions.”

HV discharge in an air-filled diode at atmospheric
and elevated pressures in a non-uniform electric field in a
ns-timescale has been studied in many laboratories world-
wide.'”'%2%2! For instance, the results reported in Ref. 16
showed that the beginning of the electron generation pre-
cedes the appearance of light emission at the blade-type
cathode edge, indicating that RAE generation occurs via FE
prior to the formation of the cathode explosive plasma.
Furthermore, it was found that the measured RAE energy
spectrum shows that the maximal energy of electrons arriv-
ing at the anode is < e@.,, where e is the electron charge
and ¢4 ~ 120kV is the applied voltage, and this spectrum
can be fitted with Maxwell distribution for electrons with
energies >20keV. The discharge has the form of separate
plasma channels, originating at the cathode edge, and the
light emission front propagates toward the anode at a veloc-
ity of ~10” cm/s, corresponding to the velocity of electrons
with an energy of ~300eV, i.e., with sufficient energy to
allow ionization and excitation processes. This propagation
velocity decreases with an increase in the gas pressure and
the CA gap length. At atmospheric gas pressure, these
plasma channels take the form of diffusive jets, and this
form is changed to that of contracted channels as the pressure
increases to >2 x 10° Pa.

An interesting observation about the electrons with
anomalously high energy was reported and discussed, for
instance, in Refs. 1-4 and 22-24. These electrons are the
electrons having energy that exceeds the value ¢¢,,,,, where
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@ e 18 the maximum amplitude of the voltage pulse applied
to the cathode. The most probable explanation of this phe-
nomenon is “anomalous” electron generation due to the
self-acceleration mechanism, as suggested by Askaryan®
(see Sec. IV).

The results presented in this paper continue those of the
studies reported in Refs. 16 and 17. In the present study, the
self-consistent one-dimensional Particle-in-Cell Monte Carlo
collision (1D PIC/MCC) model was used with more accurate
treatment of FE electrons. This treatment allows us to obtain
the results that were only speculated in earlier research. It
should also be noted that we focused only on the streamer
discharges, the time- and space evolution of which is gov-
erned by FE electrons opposite to the streamers propagating
through the natural electron background, which was ana-
lyzed in recently published review papers (see Refs. 26-28
and references therein).

Il. NUMERICAL MODEL

In order to study HV high-pressure discharge, we
updated the model developed in Ref. 17. This is a 1D PIC/
MCC model in cylindrical coordinates considering a coaxial
diode. The cathode is the inner rod made of copper with
radius r¢ ~ 3 um, and the anode is the outer cylinder having
radius r4 = 1 cm. The anode is grounded, while the cathode
voltage is changed in time as Uc = Uy - sin(2nz/T), where
Up = —100kV and T=10ns, i.e., the voltage rise time is
T/4 = 2.5ns. This voltage temporal dependence was used to
fit the voltage waveforms obtained in experimental research'®
[see Fig. 3(g) in Ref. 16]. The diode is filled with molecular
hydrogen (H,) at a pressure of P = 2 x 10’ Pa and a tempera-
ture of T, = 300 K.

The model accounts for the electron-neutral momentum
transfer collisions, excitation of the first three electronic lev-
els of H,, and excitation of rotational and vibrational levels,
dissociation, and ionization (see Fig. 1). If ionization occurs,
one electron-ion (H,") pair is added to the simulation
domain. Note that excitation and dissociation collisions do
not lead to the generation of new species. These collisions
lead only to the electron energy losses that must be consid-
ered for the accurate treatment of the total electron energy
losses. For electron-H, ionization cross sections, the NIST
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FIG. 1. Electron-H, cross sections used in the 1D PIC/MCC model.

J. Appl. Phys. 123, 083303 (2018)

database was used.”” The cross sections of other collisions
were taken from Biagi’s database.’® The collisions between
electrons and the possible products of dissociation of H,
(e.g., H) were not considered in the present model.

In the model, the electron FE from the cathode is consid-
ered using the Fowler-Nordheim (FN) equation®'

1/2(p)? 107032

iy = 62 x 108 R/ @) TES | 685 x 1079 PC)
ert+ @ E

Q)

Here, ¢z = 7.0eV is the Fermi energy, E is the electric field
at the cathode surface, and ¢ =4.4eV is the work function
for the cathode made of copper.®' ¢ is the correction factor,
which depends on both E and ¢.*'

In the model considered here, the cathode material is
taken into account only through the work function ¢. For
many materials, the work function varies in the range of
~2-5 eV>? which can significantly influence the discharge
dynamics (see, for instance, discussion in Refs. 33 and 34).
Namely, the decrease in the cathode material work function
will decrease the time when the noticeable FE is obtained
(see discussion in Sec. III). This, in turn, will influence the
energy of RAEs and can change the discharge dynamics.

The exponential dependence of the FE current on the
electric field [Eq. (1)] renders the modeling of high-pressure
discharges driven by FE very challenging. Indeed, the dis-
charge, ignited by a small FE current, very quickly transfers
to a dense plasma generated in the CA gap, and a thin non-
neutral sheath is formed between the plasma boundary and
the cathode surface. The potential drop on this sheath,
depending on the plasma resistivity, can reach a significant
part of the voltage applied to the CA gap. The latter leads to
an increase in a few orders of magnitude in the FE current
due to the increase in the electric field at the cathode surface.
For instance, in the conditions of this study, the FE current
density varies in the range of 10°-10'° A/m*. This temporal
and spatial evolution of the FE process, plasma, and sheath
formation is accompanied by a variation in the plasma den-
sity in the range of 10°—10m . To cover such a wide
range of densities with the constant weight of “macro”-
particles (i.e., the number of real particles in each computa-
tional particle), one needs to use ~10° “macro”-particles
even in 1D simulation. In order to overcome this computa-
tional restriction, we implemented an algorithm for merging
“macro”-particles (for details, see Ref. 35) to keep the over-
all “macro”-particle number below a specified threshold. In
this study, this threshold was set at 10° for each species. By
this method, two “macro”-particles of the same type neigh-
boring in the phase space are merged. The velocity and posi-
tion of the new “macro”-particle are defined as the average
values of the velocities and positions of the two merged
particles.

However, this merging algorithm is not effective for
energetic electrons generated as a part of the FE electrons
because the number of these energetic electrons is signifi-
cantly smaller than that of the secondary electrons generated
in the CA gap. These energetic electrons belong to the tail of
the electron energy distribution function, and the velocity of
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their neighbors in phase space can be considerably smaller.
Hence, the merging of energetic and “cold” plasma elec-
trons, the energy of which is only a few tens of eV, leads to
the numerical “cooling” of the former. To overcome this arti-
ficial cooling, FE and plasma electrons were considered as
two different types of “macro”-particles. Note that the
plasma electrons are all electrons generated in the gap due to
the gas ionization.

To facilitate the model’s implementation, FE electrons
were not divided into fast and slow groups because, as
shown in the following, all FE electrons finally become
RAEs. The weight of FE electrons wrg was kept constant
during the simulation, i.e., the merging algorithm was not
applied to these particles. Namely, the weight of FE
“macro”-particles was selected to keep their total number
below the set threshold value of 10°. The weight of plasma
electron macro-particles w, was varied in time, i.e., they
were merged during the simulation. For brevity, hereinaf-
ter, FE and plasma electrons are considered to represent the
corresponding “macro”-particles. The collisions for both
groups of electrons were modeled using the same Monte
Carlo algorithm. If the electron (FE or plasma) produces
ionizing collisions with the H, molecules, a new electron/
ion pair was added to the simulation domain. Because of
the difference in weights for the FE and plasma electrons,
an additional source term S;(x) was introduced. This source
accounts for the ionization events produced only by the FE
electrons. If the FE electron experiences an ionizing colli-
sion, one electron with the weight wgg is added to S;(x).
In each time step, the function S;(x) was checked, and if
the condition S;(x)/w, >1 was satisfied, the number
int(S;(x)/w)) of electrons was added to the plasma electrons.
The space step used in this model is Ax = 0.2 um, allowing
the resolution of the parameters of the spatial gradients inside
the CA, including the cathode sheath. The time step, Af
=10~ "s, is dictated by the Courant condition.

lll. RESULTS AND DISCUSSION
A. Discharge dynamics

This subsection presents the results of the 1D PIC/MCC
simulations obtained for H, gas at pressure P =2 x 10° Pa.
For a cathode radius of 3 um, the FE current reaches the
value of ~10° A/m? at t~ 1.3 ns, which leads to the emission
of the first “macro”-particles to the CA gap. At this time, the
applied voltage reaches 73kV, and the electric field at the
cathode surface is Ec ~ 2.8 x 10°V/m (see Fig. 2). This
electric field significantly exceeds E., ~ 6 x 10’ V/m neces-
sary for the electrons to run away in H, gas at P=2
% 10° Pa. The latter results in FE electrons becoming run-
away almost immediately after their injection into the CA
gap, acquiring energy >1keV at a distance of a few microns
from the cathode. These energetic electrons also generate
electron/ion pairs during their acceleration toward the
anode. The total electron-neutral collision cross section of
2-keV electrons in H, gas is ~2 x 1072' m?, resulting in
the mean free path of these electrons in H, gas, A ~ 10 um.
One can see that, at r = 13 um, the electric field E(r) = U¢/
[r-In(ra/rc)] decreases ~3.6 times, but its value is still
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FIG. 2. Time evolution of the field emission current and electron current
through the anode and the electric field at the cathode.

significantly larger than E.. Only at radii >0.8 mm, does the
electric field become smaller than E... Hence, the plasma
electrons generated in the vicinity of the cathode also
become RAEs although the energy of these electrons is
smaller than that of FE electrons.

The simulation results show that, in the CA gap, ~99% of
the plasma charged particles is generated by the plasma elec-
trons and only ~1% is generated by the FE electrons. This result
is related to the significantly larger number density of plasma
electrons, n,, than that of FE electrons, ngag (ngag/n. ~ 0.01),
as well as to the fact that the ionization frequency v; of plasma
electrons having energy ¢, < 100eV is much larger than the v;
of FE electrons with energy ¢, > 1keV.

Figure 3 shows the space evolution of the electron den-
sity and potential at different times of the discharge devel-
opment. Figure 3(a) shows that at =~ 1.3 ns, the density of
the plasma generated in the vicinity of the cathode reaches
n, ~ 10" cm ™. This plasma screens the applied electric
field, leading to the formation of a thin (a few microns)
cathode sheath [Fig. 3(c)]. This results in an increase in the
electric field at the cathode surface and in a significant
increase in the FE current (Fig. 2). The latter, in its turn,
leads to a further increase in the plasma electron density.
Figure 3(a) shows that at =~ 1.4ns, the plasma density
reaches 7, ~ 10'®cm ™ in the cathode vicinity. The sheath
thickness obtained at this time is /y;, ~ 20 um, and the sheath
voltage is Uy, ~25kV.

Figure 4(a) presents the energy phase space of emitted
electrons at 1.36ns. One can see that the FE electrons are
accelerated in the sheath, acquiring energy up to ~eUy,, i.e.,
these electrons become RAEs. The electron-H, ionization
cross section of 20-keV electrons is g;,, ~9 X 10 m>. The
mean free path of these electrons is A ~ 100 um, and the ioni-
zation collision frequency is vj,, ~ 3.6 X 10" s™!'. These
20-keV electrons propagate in the electric field £ ~ 10 V/m.
The energy gained by 20-keV electrons between two consecu-
tive ionization collisions can be estimated as Ae = ¢>E?/
(2m,12,) ~ 66€eV which significantly exceeds the ionization
energy of an H, molecule (15.4eV). Thus, the FE electrons
that become runaway in the cathode sheath propagate the
entire CA gap, remaining RAEs.

One can conclude from Fig. 3(a) that the FE-driven
discharge can be described using the commonly accepted
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model®! of the anode-directed streamer [see Figs. 3(b)

and 3(d)]. Following Ref. 31, an anode-directed streamer
is defined as a quasi-neutral plasma jet (density ~ 10"
—10""cm ™) acquiring a large part of the cathode potential
and propagating toward the anode. A high-intensity elec-
tric field is obtained only at the streamer head, where the
plasma quasi-neutrality is violated because of space sepa-
ration between the fast electrons and ions at that location.
At the beginning of FE, i.e., when the first FE electrons
become accounted for in the simulations, a low-density
(<10"*cm™?) plasma is formed in the vicinity of the cathode,
transforming very quickly to the propagating streamer. A
large part of FE electrons becomes RAEs, experiencing very
few ionization collisions during their propagation toward the
anode. Nevertheless, these ionization collisions lead to the for-
mation of seeded electrons in front of the streamer head (see
Fig. 4) with a density of ~10"?cm ™, which significantly
exceeds the natural background electron density (~10*cm™?)
commonly assumed in streamer models.! This result, namely,
the increasing streamer velocity for the increasing density of
the seeding background, qualitatively agrees with the theory
developed in Ref. 36.
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A high electric field (~1-2 x 107 V/m) is obtained at the
streamer head, which we determined as points H in Figs.
3(c) and 3(d), where the maximal negative potential is real-
ized. This electric field accelerates seeded electrons at those
locations to energies exceeding the ionization threshold of
H,, thus supporting the streamer propagation. Since the den-
sity of seeded electrons is ~10"?cm ™3, the streamer obtained
during the discharge supported by FE and by these seeded
electrons, propagates significantly faster than that consid-
ered, for instance, in Ref. 31. One can see in Fig. 3 that the
streamer propagates a distance of ~0.8 cm during 100 ps,
resulting in a streamer average velocity vg ~ 8 X 10" m/s.
Here, let us note that the average velocity of the conventional
anode-directed streamer is only ~10° m/s.”’

Figure 4 shows the typical energy phase spaces of the
plasma and FE electrons at = 1.36ns. One can see in Fig.
4(a) that part of the plasma electrons also becomes RAE:s.
These plasma electrons were generated in the cathode sheath
due to the gas ionization by FE electrons. In addition, the
electric field at point H [see Fig. 4(a)] is <2 x 10’ V/m, ie.,
it is significantly smaller than the value of E., necessary for
RAE generation in H,. Thus, the streamer head cannot be
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considered a source of RAE generation under the given con-
ditions for H, gas.

In Fig. 4(b), one can see that the energy of FE electrons
€eem reaches ~88keV, while the cathode potential at ¢
= 1.36ns is only —75.4kV, i.e., &.m > e|Uc|. Let us note
that the number of such “anomalous” electrons is ~0.1% of
the total number of electrons obtained at that time in the CA
gap. The anomalous high energy of FE electrons can be
explained by the self-acceleration mechanism suggested by
Askaryan.25 The simulation results show that, because of the
high density (~10'?cm ™) of seed electrons generated by
RAEs in front of the streamer head, one obtains streamer
propagation toward the anode with v ~ 8 x 10" m/s and an
electric field at the streamer head of ~10” V/m. In the frame
of the fast propagating streamer, the RAEs present between
the streamer head and the anode acquire additional energy
(with respect to ¢|Uc|), which can reach tens of keV. Let us
note that sometimes in the literature such a fast propagating
streamer is called an ionization wave.

Figure 5 shows the electron density and potential distribu-
tions and the energy phase spaces of plasma and FE electrons
obtained at = 1.42ns when the streamer bridges the CA gap.
At that time, the cathode sheath width is [y ~ 1.5 um with a
voltage drop of ~4.6kV, and the plasma density in the vicin-
ity of the cathode sheath reaches ~10'"cm™>. One can see
that an electric field of ~7 x 10° V/m is present in the plasma
[see Fig. 5(a)], indicating the high resistivity of the plasma. A
similar electric field value of ~3 x 10°V/m in the plasma
channel was recently measured in the HV ns-timescale dis-
charge in H, gas at a pressure of 2 x 10° Pa.'®

The energy phase space of FE electrons [Fig. 5(c)]
shows that these electrons can be considered RAEs although
their energy in the anode vicinity is smaller than e|Uc|
[Uc =—779kV, Fig. 4(a)]. The energy of FE electrons
entering the plasma bulk from the cathode sheath is only
~4.6keV, but it is sufficient for these electrons to remain in
the acceleration in the weaker electric field obtained in the
plasma bulk (~7 x 10° V/m).

The energy phase space of plasma electrons shows the
presence of two groups of energetic (up to several keV) elec-
trons located close to the cathode and anode [see Fig. 5(b)].
Close to the anode are the electrons that became RAEs
before the streamer bridged the CA gap, whereas close to the
cathode are energetic electrons generated in the cathode
sheath by FE electrons. The latter cannot be considered
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RAEs despite the fact that these electrons enter the plasma
bulk with an energy of ~2.5keV. The latter is explained by
the insignificant electric field in the plasma bulk, which is
smaller than E,.. Thus, almost all the energy of these ener-
getic electrons is dissipated during their propagation toward
the anode.

B. Role of the FE electrons in streamer propagation
dynamics

In order to understand the role of FE electrons in the
dynamics of streamer propagation and the distributions of
the plasma density and potential in the CA gap, additional
PIC/MCC simulations were performed. In these simulations,
the FE was artificially switched off with a time delay t with
respect to the beginning of electron emission. It is under-
stood that in the experimental conditions, FE will be trans-
ferred to explosive emission plasma formation. However,
because of the fast (up to ~5 x 10*m/s) expansion of the
plasma acquiring cathode potential, the electric field at the
plasma boundary decreases quickly below E., and the elec-
trons emitted from the boundary of this plasma cannot be
considered RAEs.

Figure 6 shows the electron density and potential distri-
butions at different times with respect to 7=1.33ns. At
t=1.33ns [see Fig. 3(a)], the streamer propagates ~0.2cm
and the anode current reaches ~0.8 A (see Fig. 2). At that
time, one obtains that between the dense (>1014cm73)
plasma [see point D in Figs. 6(a) and 6(c)] and anode, there
is a plasma (0.lcm<r<0.3cm) formed by the RAEs
and plasma electrons prior to the FE switch-off with
density <10 cm ™. Later in time, one obtains [see Fig.
6(b)] rather gradual plasma formation toward the anode.
Indeed, a comparison of the distributions presented in Figs. 3
and 6 shows that after the FE switch-off, there is no fast
propagation of the streamer as compared with the case of
continuous FE of electrons. The latter is explained by the
fact that the conditions necessary for self-consistent fast
streamer propagation are not satisfied at T = 1.33 ns. Indeed,
at this time, the electric field at the “head” of the streamer is
~107 V/m, i.e., it is smaller than the electric field necessary
for the H, breakdown by means of the streamer. In addition,
at this time, only a small number of RAEs cross the CA gap
and therefore the density of the seeded electrons are not suf-
ficient to obtain a fast propagating streamer.
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FIG. 5. (a) Electron density and potential, (b) phase space of plasma electrons, and (c) energy phase space of field emission electrons obtained at = 1.42 ns.
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Figure 6(d) shows the potential distributions at
t>1.43ns, when the CA gap is bridged by the plasma with
density >10"* cm . At these times, there are three regions
with different plasma densities and potential distributions,
namely, a thin cathode sheath (/y ~ 30 um), where ions’
acceleration toward the cathode occurs, the region of quasi-
neutral plasma, where the electric field is ~10° V/m, and
the anode layer with an electric field of ~10°V/m. The
anode layer formation is dictated by the current continuity
since the plasma density in the vicinity of the cathode sheath
edge is ~10° times larger than that in the anode vicinity [see
Fig. 6(b)].

The energy phase spaces of FE electrons prior to and
after FE termination at t = 1.33 ns are shown in Fig. 7. One
can see that the energy of FE electrons does not exceed
elUc|, as was obtained with continuous electron FE.
Moreover, at 0.14 ns after the FE is switched off, the energy
of electrons reaching the anode already does not exceed 25%
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FIG. 7. Phase space of field emission (FE) electrons obtained at three different
times; H, gas pressure is 2 x 10° Pa, and FE is switched off at T = 1.33ns.
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of e|Uc|. The latter is explained by the drastic decrease in
the electric field in the CA gap [see Fig. 6(d)], resulting in
that FE electrons cannot be now considered RAEs.

The simulation results for electron density and potential
distributions obtained at different times for t=1.4ns are
shown in Fig. 8. One can see that a 0.07ns time delay in
switch-off of the FE as compared with the previous case
changes drastically the discharge dynamics; namely, one can
clearly see the propagation of the fast streamer, similarly to
the case of continuous electron FE.

Such a significant sensitivity to the value of t formation
and the fast propagation of the streamer is related to the
number of FE electrons emitted prior to the switch-off
instant. Indeed, the anode current reaches 2 A at t=1.4ns
(see Fig. 2), which is 2.5 times larger than the anode current
obtained at r=1.33ns. The latter is related to the signifi-
cantly larger number of FE electrons injected into the CA
gap prior to the FE switch-off for 1=1.4ns than for
7=1.33 ns and the larger number of RAEs present in the CA
and producing a larger density of seeded electrons across the
entire CA gap (see Figs. 7 and 9). However, even at
7= 1.4ns, when one obtains fast streamer propagation after
FE termination, the energy of FE reaching the anode does
not exceed ¢|Uc| because of the significantly smaller electric
field at the streamer head.

IV. SUMMARY

High-voltage nanosecond discharge in hydrogen was
studied using the one-dimensional Particle-in-Cell Monte
Carlo collision model. The discharge was driven by the elec-
tron field emission from the small-curvature cathode.

It was obtained that the main part of FE electrons
becomes runaway in the thin cathode sheath. These runaway
electrons propagate the entire cathode-anode gap, creating
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rather dense (~10'>cm ) seeding plasma electrons. Then,
the discharge develops in the form of a streamer propagating
through this background plasma with the velocity of
~10%m/s. This allows runaway electrons to acquire more
energy than e|Uc| due to acceleration by the electric field at
the head of the streamer. The number of these anomalous
energetic electrons does not exceed 0.1% of the total number
of FE electrons. The peak plasma density of ~10'" cm > was
obtained in the vicinity of the cathode, while the electric
field in the plasma channel was ~7 x 10° V/m.

Finally, the influence of the FE switch-off time was ana-
lyzed. It was obtained that an early switch-off stops the ioni-
zation wave propagation. The bridging of the cathode-anode
gap was realized by means of the RAEs remained in the gap.
However, a late FE switch-off does not stop the ionization
wave propagation. This was explained by the injection of the
large number of electrons from the cathode prior to the FE
switch-off. As a consequence, a large number of RAEs were

120f . 1.40ns ]
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FIG. 9. Phase space of field emission (FE) electrons obtained at two differ-
ent times; H, gas pressure is 2 x 10° Pa, and FE is switched off at t = 1.4 ns.
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present in the cathode-anode gap, which drives the ionization
wave propagation.
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